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Abstract: 
 
If we assume a closed universe with slight positive curvature, cosmic expansion can 
modeled as a heat engine where we define the “system”, collectively, as those regions of 
space within the observable universe, which will later evolve into voids/ empty space.  
We identify the “surroundings”, collectively, as those pockets of space, which will 
eventually develop into matter-filled galaxies, clusters, super-clusters and filament walls.  
Using this model, we can find the energy needed for cosmic expansion using basic 
thermodynamic principles, and prove that cosmic expansion had as its origin, a finite 
initial energy density, pressure, volume, and temperature.  Inflation in the traditional 
sense, with the inflaton field, may also not be required.   We will argue that 
homogeneities and in-homogeneities in the WMAP temperature profile is attributable to 
quantum mechanical fluctuations about a fixed background temperature in the initial 
isothermal expansion phase.  Fluctuations in temperature can cause certain regions of 
space to lose heat.  Other regions will absorb that heat.  The voids are those regions 
which absorb the heat forcing, i.e., fueling expansion of the latter and creating slightly 
cooler temperatures in the former, where matter will later congregate.   Upon freeze-out, 
this could produce the observed WMAP signature with its associated CBR fluctuation in 
magnitude.  Finally, we estimate that the freeze-out temperature and the freeze-out time 
for WMAP in-homogeneities, occurred at roughly 3.02 * 1027 K and 2.54 * 10-35 s, 
respectively, after first initiation of volume expansion.  This is in line with current 
estimates for the end of the inflationary epoch.  The heat input in the inflationary phase is 
estimated to be Q = 1.81 * 1094 J, and the void volume increases by a factor of only 5.65.  
The bubble voids in the observable universe increase, collectively, in size from about 
.046 m3 to .262 m3 within this inflationary period. 
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Introduction: 
 
WMAP and Planck satellite data have confirmed that the universe as a whole is 
remarkably flat, within .5% of being perfectly flat.  Early WMAP resolutions of the 
CMB, combined with other astronomical data, indicated a sum of density parameters 
equal to 1.02 ± .02 at the 1σ level [1].   This would indicate a slight positively curved 
space, compatible with strict flat space.  More recent estimates [2-4] set the sum closer to 
1.005+.016-.017, which also seems to favor a slight positive curvature.  That being said, it 
cannot be ruled out that the universe has no small curvature, either positive or negative.  
We assume an almost flat but closed universe, i.e., one with positive curvature, which 
will allow for eventual contraction and an ultimate so-called “big-bounce” scenario.  
Einstein already in 1917 understood and appreciated the unique advantage of a spatially 
closed cosmos in that it avoids the problem of trying to define a boundary [5,6] for the 
cosmos as a whole. 
 
Cosmic inflation has been described [7] as the trillion, trillion-fold expansion of space 
within a trillionth-trillionth of a second, i.e., the entire universe expanded from the size of 
a proton to the size of a grapefruit within 10-32 s.  Most theories of inflation do not 
distinguish between “system” and “surroundings”, and they assume that the entire 
universe, or the entire observable part of the universe, inflates. While the inflation of 
space does not, per se, violate causality because there is no exchange of 
energy/information between material bodies, it is not clear unless one distinguishes 
between “system” and “surroundings” what is inflating and what is not.  If inflation 
addresses the entire universe, or the entire observable universe, then it seems to us that 
causality is violated because the entire universe expands at a rate greater than the speed 
of light. If inflation addresses only the part, which expands, namely, the bubble voids, 
which is what will ultimately scale in our model, then we believe that causality will 
remain intact for the surroundings provided we are within the Hubble radius.  In other 
words, there will be no restriction on how quickly the bubble voids inflate within our 
model.  We also keep in mind that we are in the realm of the general theory of relativity, 
and not the special theory.   The special theory of relativity assumes that space and time 
are rigid in terms of a background manifold.  In the general theory, the underlying space-
time manifold is dynamic and fluid; as such, space can curl up onto itself, and into 
various shapes, producing the bubble voids, which can expand a-causally. 
 
Inflation also requires introducing a hypothetical particle, the inflaton, which drives the 
process [8-10].  Inflation is necessary, among other reasons, to explain the homogeneity, 
and at the same time the perturbations, associated with WMAP/Planck CBR temperature 
profile observed at photon-matter decoupling, which happened at roughly 380,000 years 
after the big bang.  Inflation with the inflaton field, we will argue, may not be needed.  
Thermal quantum fluctuations caused by virtual particle creation and annihilation may 
ultimately be responsible for the perturbations in temperature, which freeze out. 
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In standard cosmology, one typically assumes adiabatic expansion of the universe as a 
whole with maximum entropy increase where we characterize the earliest times by 
seemingly infinite temperatures, pressures and a singular, i.e., zero volume.  Perhaps this 
is not true.  Perhaps there is a finite cut-off for all these variables, and the universe need 
not expand forever, as is the case for negative or zero curvature.  A possibility is that the 
cosmos will eventually contract and experience a big bounce.  The energy, which is 
needed for cosmic expansion, may not be entirely adiabatic   The cosmos may have 
developed another way; perhaps part of the evolution of the universe was isothermal.  
Part of that expansion might have been heat input from one part of the universe to another 
within a given time period, the inflation phase. 
 
We will model the expansion of the universe as a thermodynamic heat engine, 
specifically, as a Carnot process (cycle) where we have isothermal expansion from points 
a → b, adiabatic expansion from b → c, isothermal contraction from c → d, and adiabatic 
contraction from d → a.  At point a, we have a very high but finite pressure and 
temperature, and a non-zero volume.  At point b, adiabatic expansion begins, and this is 
the phase where the cosmos presently finds itself.  At point c, the universe will begin 
isothermal contraction having exhausted all of its heat energy, as well as its internal 
energy, required for further expansion.  And at point d, the final phase begins where the 
universe further contracts, but adiabatically to its original starting point, point a, from 
which a big bounce may occur. 
 
As in any heat engine, we extract heat from a hotter reservoir and expel into a colder one.  
The universe being a “closed system” in a thermodynamic sense has to contain both its 
“system” and its “surroundings” within its confines.  We define our system collectively 
as those regions of space, within the observable universe, which will eventually evolve 
into voids and empty space.  It is only in these regions that cosmic expansion takes place.  
These pockets evolved from a slightly elevated temperature in the WMAP CBR of the 
order ΔT/T~ 5 * 10-5 where T is the temperature.  We will define the surroundings, 
collectively, as those regions within the observable universe, which will eventually 
evolve into massive galaxies, clusters, super-clusters and filaments.  These are regions, 
i.e., pockets characterized by little to no expansion due to the action of gravity, and for 
which we have slightly lower temperatures in the WMAP profile, ΔT/T~ -5 * 10-5.  The 
idea is that the surroundings will fuel the expansion of the system in the isothermal phase 
a → b, through heat input (inflation phase) keeping the universe as a whole a “closed 
system”.  Then in the adiabatic phase, which follows, change in internal energy will force 
subsequent expansion.  We chose a Carnot cycle as an ansatz; it is well-known that it has 
maximum efficiency, is a reversible process, and the ratio of heat expelled to heat 
extracted over a complete cycle is expressible solely in terms of temperatures of the 
reservoirs, i.e., |QC|/|QH| = TC/TH.  Heat energy |QH|, is transferred into the system from 
the surroundings in transitioning from a → b, causing isothermal expansion.  Heat 
energy, |QC|, is given up to the surroundings resulting in isothermal contraction, from 
points c → d. 
 
We define both system and surroundings, at very high temperatures, in terms of 
blackbody radiation, which we believe is the primordial form of energy in cosmic 
 4 
 
evolution [11-14].  We drive the equations of state for the four processes listed above.  We 
will show that the efficiency for a blackbody radiation cycle is calculated by the same 
formula as that for an ideal gas in a Carnot cycle, i.e., e CARNOT = (1 - TC/ TH).  This result 
has been confirmed independently in another and earlier work [15], in the context of 
defining thermodynamic variables for a blackbody in n-spatial dimensions.  We also give 
the total work done which will drive the expansion/contraction process over a complete 
cycle, W = |QH| - |QC|, which also confirms a previous result 
[16].  The total work over a 
complete cycle will be expressed in terms of temperature, TC and TH, and volume 
increase and decrease. 
 
The organization of this paper is as follows.  In part II, we introduce the thermodynamic 
variables of interest for a blackbody.  The derivation follows the significant work of 
reference [17].  We define the Carnot cycle in terms of these variables, and give the 
efficiency and work done.  We apply this scheme to the universe and work out some of 
the consequences.  In section III, we present arguments for an alternative view of 
inflation.  Isothermal expansion starting from a fixed pressure and volume will allow for 
a relatively homogeneous temperature distribution.  Thermal quantum fluctuations will 
freeze out in magnitude at very high temperatures and allow for in-homogeneities in 
temperature, which some 380,000 years afterwards, will be spatially localized upon 
matter-photon decoupling.  This will reproduce what we observe in WMAP.  Freeze-out 
is caused by isothermal expansion, and heat transfer is a one-way street from 
surroundings to system because the system, upon expanding, has lost its energy for 
further heat transfer back to the surroundings.  Thermal equilibrium is thereby lost for the 
universe as a whole but maintained within the boundaries of what we define as our 
“system”.  We calculate the temperature of freeze-out for ΔT/T and explain how entropy 
increase leads to an arrow of time in the inflation phase.  In part IV, we present our 
summary and conclusions.  
 
 
 
 
II.   Thermodynamics of the Early Universe 
 
In 3-dimensional space, we know [18-22] that the number of nodes per unit frequency for a 
blackbody is given by (8πV) (ν2/c3), where ν is the frequency and V is the volume.  We 
multiply the above by the probability of finding a photon with frequency between ν and 
(ν + dν), the Bose-Einstein factor.  This gives the number of photons, dN, in that 
particular frequency range as  
 
   dN = (8πV) (ν2dν/ [c3 (ehν/kT-1)])    (1) 
 
Integrating (hν) dN/V over all frequencies gives the energy density per unit volume, u = 
u(T).  The result is 
 
   u(T) = (8π5/15) (kT)4/ c3h3 
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        = 4 σ T4/c      (2) 
 
The Stefan-Boltzmann constant σ has the numerical value, 5.67 * 10-8 Watts/ (m2 * K4).    
 
The internal energy U, entropy S, pressure p, and Helmholtz free energy F, defined as F ≡ 
(U – TS), can all be expressed in terms of u = u(T).  One finds [23,24] 
 
 U = uV, S = (4/3) (uV/T), p = u/3, F = -uV/3         (3a,b,c,d) 
 
The entropy density, s, and Helmholtz free energy density, f, are found by factoring out 
the volume, V, in equations (3b) and (3d). 
 
We first consider isothermal expansion.  Since temperature, T, is a constant, both the 
energy density, u, and pressure, p, are constant.  Hence U = uV will be proportional to 
volume V, and 
   U2/U1 = (a2/a1)
3  (isothermal expansion) (4) 
 
In equation (4), “a” is the cosmic scale parameter in Hubble’s law (ȧ = H a), and the 
subscripts 1, 2 refer to different cosmic times, i.e., epochs.  Similar relations hold for S 
and F since these quantities are also proportional to volume.  It is clear that  
 
S2/S1 = (a2/a1)
3 ,  F2/F1 = (a2/a1)
3 (isothermal expansion) (5a,b) 
 
The first law of thermodynamics can be written as dQ = dW + dU where dQ is the heat 
entering the system, dW the work done by the system, and dU is the change in the 
internal energy of the system.  Because the temperature is a constant, dU = d(uV) = udV.  
Also, dW = pdV = uV/3 by equation (3c).  Therefore, 
 
   dQ = TdS = pdV + udV 
   
         = 4u dV/3 
 
        = 4p dV   (isothermal expansion) (6) 
 
Integrating equation (6), we obtain  
 
Q2 - Q1 = 4/3 u (V2 - V1)   
 
             = 4 p (V2 - V1)  (isothermal expansion) (7) 
 
Thus, in transitioning from a → b in our Carnot cycle,  
 
Q = |QH| = 4/3 uH (Vb - Va)  (isothermal expansion) (8a)  
 
And upon isothermal volume contraction from c → d, 
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Q = -|QC| = 4/3 uC (Vd - Vc)  (isothermal contraction) (8b) 
 
The quantities, uH and uC, are the energy volume densities defined by equation (2) where 
we use TH for the temperature of the hotter reservoir, and TC for the temperature of the 
colder reservoir.  The total work done by this heat engine in completing one cycle is 
therefore  
 
WTOTAL = |QH| - |QC|         
 
      = 4/3 uH (Vb - Va) - 4/3 uC (Vc – Vd)          (9) 
 
      = 4 pH (Vb - Va) - 4 pC (Vc – Vd)  (isothermal expansion/contraction) 
 
The change in internal energy is zero since we are back at our starting point.  Notice that 
for a change in volume, the pressure is a constant; thus, an isothermal process is also, at 
the same time, an isobaric one for thermal radiation. 
 
Adiabatic expansion and contraction are next considered.  Since dQ equals zero, we find 
from the 1st law of thermodynamics, that 
 
   0 = p dV + dU    (adiabatic process) (10) 
 
We integrate this to find the total work done in expansion.  Unlike isothermal expansion 
where the volume expansion is driven by heat, in adiabatic expansion it is caused by a 
decrease in internal energy.  We re-write equation (10) as follows: 
 
  p dV = - d(uV) = -3 (dp V + p dV)  (adiabatic process)  
 
, where we have made use of  p = u/3 for the second equality.  From this, it follows from 
equation (10) that 
 
   4p dV = -3 dp V   (adiabatic process) 
 
This is straightforward to integrate; the result is p2/p1 = (V1/V2)
4/3 or, alternatively,  
 
p1 V1
4/3 = p2 V2
4/3   (adiabatic process) (11) 
 
Our adiabatic equation of state gives γ = 4/3, which is to be expected for blackbody 
radiation.  Equation (11) is be contrasted with equation (7), which holds for an isothermal 
process. 
 
In an adiabatic process, we can furthermore claim that T1
4 V1
4/3 =   T2
4
 V2
4/3.  This 
follows from equation (11) upon realizing that p is proportional to u, and u, in turn, is 
proportional to T4.  See equation (2).  Taking a quartic root, we obtain 
 
T1 V1
1/3 = T2 V2
1/3   (adiabatic process) (12) 
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Equation (12) is important because it allows us to establish a fundamental relation in 
cosmology, namely, that temperature increase is inversely proportional to scale parameter 
decrease.  We know that  
 
T/T0 = (V0/V)
1/3 = a0/a = (1+Z) (adiabatic process) (13) 
 
However, this relation holds only for an adiabatic process, and not for an isothermal 
one!  Volume expansion, as well as the evolution of time, in the isothermal phase will be 
very different, as we shall see.  The subscript “0” stands for the present cosmological 
epoch, “a” is the cosmological scale parameter and Z is the redshift.  At temperature T, 
the scale parameter is “a”.  The exponent γ = 4/3 in equation (11) is critical in 
establishing the relationship given by equation (13). 
 
Finally, since p is proportional to u, we see that 
   
p1 T1
-4 = p2 T2
-4   (adiabatic process) (14) 
 
A decrease in temperature leads to the familiar dramatic fourth power decrease in 
radiative pressure.  In contrast, for an isothermal process, both temperature and pressure 
remain constant. 
 
Coming back to our Carnot cycle, in going from point b to point c, we expect 
 
 pb Vb
4/3 = pc Vc
4/3   (adiabatic process) (15) 
 
And also,  
pb/p0 = (a0/ab)
4 = (1+Zb)
4  (adiabatic process) (16) 
 
In transitioning from points d → a, we must have 
 
   pd Vd
4/3 = pa Va
4/3   (adiabatic process) (17) 
 
Here, the volume Va  is less than Vd , and, consequently, pa is greater than pd .  It can also 
be established from equation (12) that 
 
Tb Vb
1/3 = Tc Vc
1/3, Td Vd
1/3 = Ta Va
1/3  (adiabatic process) (18a,b) 
 
Since V is proportional to the cosmic scale parameter cubed, this allows us to write 
 
Tb /Tc = TH /TC = ac /ab , Ta /Td = TH /TC = ad /aa   (19a,b) 
 
We employ the relations above to construct our Carnot cycle.  In terms of a qualitative p-
V diagram, we obtain figure 1 shown below: 
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In figure 1, the lines drawn from points a to b, and from points c to d, are drawn greatly 
exaggerated, lengthwise, in this diagram.  They should be drawn almost infinitely close to 
one other if this figure were to scale, which it is not in either the x or y sense.  Figure 1 is 
for qualitative illustrative purposes only.  Even though the numbers are made up for this 
illustration, the relations (15) and (17) are satisfied. 
 
We remark that pH = uH /3 = 4 σ TH4 / (3c) = constant with Ta = Tb = TH for the phase a → 
b.   Similar relations hold for the transition c → d; pC = uC /3 = 4 σ (TC)4/ (3c) = constant 
where Tc = Td = TC.   Heat energy, in the amount |QH|, is extracted from the surroundings 
from a → b; it will be released to the surroundings in c → d, in the amount |QC| much, 
much later.  The total work done in expanding and contracting 3-dimensional space is the 
area enclosed in figure 1, and it is specified mathematically by equation (9).  More 
explicitly, |QH| is what fuels the expansion from a → b.  A decrease in internal energy 
forces further expansion from b → c.  At point c, all heat and internal energy will have 
been exhausted and contraction begins.  Heat loss drives contraction from c → d, and an 
increase in thermal internal energy drives further contraction from thermodynamic points 
d → a, thus completing the cycle.  We will identify the isothermal process from a → b as 
the inflation phase, shortly, in section III.  The isothermal contraction process from c → d 
would be recognized as the deflation phase. 
 
We consider the efficiency of our heat engine next.  The efficiency is defined 
conventionally as  
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e CARNOT ≡ W/|QH| = 1- |QC| /|QH|  
 
      = 1- (TC/TH)
4 ((Vc – Vd)/ (Vb – Va))   (20) 
 
For the second line, equations (8) have been utilized.  But for adiabatic expansion and 
contraction, we know from equations (18) that 
 
TH Vb
1/3 = TC Vc
1/3,  TC Vd
1/3 = TH Va
1/3,   (21a,b) 
 
This allows us to further claim that    
 
((Vc – Vd)/ (Vb – Va))  = (TH/TC)3     (22) 
 
Thus, by substituting equation (22) into equation (20), we have our result, 
   
e CARNOT = (1 - TC/ TH)     (23) 
 
This is a familiar result because it also holds for an ideal gas; we see that for blackbody 
radiation the efficiency is calculated in an analogous manner.  Because TH >>> TC, we 
expect close to 100% efficiency because of equation (23).  Ultimately, the efficiency rests 
on the deviation from flatness, i.e., on the curvature of the universe.  This is so because 
the amount of positive curvature will determine at the very end how close to zero our 
final temperature, TC, gets.  For zero or negative curvature, i.e., for an open universe, TC 
will approach zero, but then we would not have a heat engine, nor would we have an 
efficiency. 
 
To find the total work done over a cycle, we simplify the expression, equation (9), by 
using equation (22).  For equation (9), we now find 
 
          WTOTAL  = |QH| - |QC|  
 
= 4 pH (Vb - Va) - 4 pC (Vc – Vd)  
 
            = 4 pH (Vb - Va) - 4 pC (TH/ TC)
3 (Vb – Va)       
  
       = 4 pH (Vb - Va) [1 – (pC / pH) (TH/ TC)3] 
 
            = 4 pH (Vb - Va) (e CARNOT)     (24) 
 
Remember that p is proportional to the temperature to the fourth power, and so, we are 
able to derive the fourth line in equation (24) from the third.  Since the efficiency is 
almost unity, we need really only know Va, Vb, and TH, the temperature of the hot 
reservoir for an evaluation of WTOTAL.  We will give an estimate for |QH|, and TH, in the 
next section. 
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III.   An Alternative View of Inflation 
 
In this section, we present arguments for why the isothermal process a → b may be a 
more natural ersatz for inflation as it does not require a hypothetical field, the inflaton. In 
addition, causality is clearly defined as applying to material bodies, the surroundings, and 
not the system, which are the voids.  It is only the voids, which will expand.  WMAP can 
be reproduced in its essentials with respect to the homogeneity in temperature, and the in-
homogeneity in ΔT/T.  The angular size of separation between the hot and cold regions, 
about one degree on average in angular resolution as shown in the power spectrum, will 
be considered in another paper.  The results of this section actually stand independently 
in the sense that we do not have to assume a heat engine, nor a universe with necessarily 
re-collapses.  In other words, the results will hold irrespective of whether we are dealing 
with a closed, flat or open universe. 
 
We first estimate the freeze-out temperature for ΔT/T using the WMAP observed result, 
ΔT/T~ 5 * 10-5.  We start with the indeterminacy principle of Heisenberg between 
energy, E, and time, t.  Since ΔE = kΔT, we can write kΔT Δt ≥ h/4π, where h and k are 
Planck’s and Boltzmann’s constants, respectively.  ΔT is the indeterminacy in 
temperature, and Δt is the uncertainty in time.  Since Δt must be less than t, the age of the 
universe, it follows that  
 
ΔT/T ≥ h/(4πkT) (1/t)     (25) 
 
Therefore, for the thermodynamic points “a” and “b”, we must have 
 
(ΔT/T)a  ≥ h/ (4πkTa) (1/ta),  (ΔT/T)b  ≥ h/ (4πkTb) (1/tb)  (26a,b) 
 
We believe the indeterminacy in temperature is due to thermal quantum mechanical 
fluctuations, i.e., thermally driven radiative corrections (creation/annihilation of virtual 
particles).  While a specific temperature determines a perfectly smooth blackbody 
spectrum by equations (1) and (2), fluctuations in T, ΔT, produce fluctuations in photon 
frequency, kΔT = hΔν, where ν is a typical frequency in the blackbody distribution, given 
by equation (1). 
 
We next wish to relate expansion time to temperature.  We first consider adiabatic 
expansion which holds within the range tc  ≥ t ≥  tb.  In general, H = (ȧ/a), where “a” is the 
cosmic scale parameter and H is Hubble’s constant.  Therefore, 
 
   dt = da/ (H a)       (27) 
 
However, because of the Friedmann equation, H can be written as H = (8πG u/3c2)1/2.  
We are in a thoroughly radiation-dominated phase where the energy density, ρc2, is given 
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exclusively by black body radiation, u.  We substitute this expression for H into equation 
(27) to obtain 
   dt = (B/u)1/2 da/a      (28) 
 
In equation (28), the constant B has been defined as B ≡ (3c2/8πG) = 1.61 * 1026 kg/m.  
Next, according to equation (13), T/T0 equals a0/a = (1+Z) for an adiabatic process where 
the subscript “0” refers to the present epoch, T and “a” are arbitrary CBR temperatures 
and associated scale parameter, respectively, and Z is the corresponding redshift.  From 
equation (13), it follows directly that dt/t = - da/a, and thus 
 
dt = - (B/u)1/2 dT/T      (29) 
 
This we integrate, where u is given by equation (2), and obtain 
 
   ∫ dt = - ∫ AT-3 dT 
   
   (t – tb) = ½ AT-2 – ½ ATb-2  (tc  ≥ t ≥  tb)  (30) 
 
In equation (30) we have defined another constant A, where A ≡ (Bc/4σ)1/2 = 4.62 * 1020 
K2 s.  From equation (30), it can be deduced that  
 
tb = ½ ATb
-2        (31) 
 
   = 2.31 * 1020 (K2 s) Tb
-2       
 
One way to justify this relation is to assume the converse, t = tb ≠ ½ ATb-3, and notice that 
then, equation (30) would lead to a contradiction.   
 
Equation (31) is the equation we will use to eliminate time, tb, in equation (26b).  
Substituting (31) into (26b) renders, after a cancellation in Tb, 
 
   (ΔT/T)b  ≥  h/(2πAk) Tb     (32) 
 
This equation indicates that the greater a given threshold background temperature, the 
greater the relative fluctuations in temperature we should expect. Furthermore, for 
(ΔT/T)b , we may substitute our value of  ΔT/T~ 5 * 10-5.   WMAP is a spatial 
distribution of temperature, which was formed very early in the universe at incredibly 
high temperatures.  This we identify with point b.  As radiation decoupled from matter 
many years later, some 380,000 years later, the temperature profile spatially “froze out” 
and is the one we observe today.  Substituting our (ΔT/T)b ~ 5 * 10-5 value into relation 
(32) and evaluating all constants provides us with the following estimate for Tb:   
 
Tb ~ 3.02 * 10
27 K      (33a) 
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This, we believe, is the temperature of freeze-out for ΔT/T~ 5 * 10-5.   It happened at a 
time when the universe was in the earliest time of formation; by equation (13) we 
estimate the associated time to be    
 
tb ~ 2.54 * 10
-35   s      (33b) 
 
This marks the end of the isothermal expansion phase, which we identify as the end of 
inflationary epoch.  The values indicated by equations (33a,b) are in general agreement 
with current estimates for the end of the inflationary period (between 10-36   and 10-32 s 
with corresponding temperatures) in standard cosmology.   
 
We note that equation (33a), in particular, enables us to estimate the energy density and 
pressure at thermodynamic point b.  Employing equations (2), (3c), and substituting the 
temperature from equation (33a), we obtain 
 
ub ~ 6.29 * 10
94   J/m3, pb ~ 2.10 * 10
94   N/m2  (34a,b) 
 
These estimates for background energy density and pressure not only hold at point b; they 
also hold at point a, and every point in between as we are dealing with an isothermal 
process in going from a → b.  Remember that Ta = Tb. 
 
We next consider isothermal expansion in more detail from point “a” to point “b", a → b.  
First, we recognize that we cannot use equation (30) since time would literally stand still 
for a temperature, which is constant.  Therefore, we must derive a new relation for 
expansion time, independent of temperature and different from equation (30).  The 
equation (28) is our starting point.  What drives volume expansion in this isothermal 
phase is not temperature, or its’ proxy which is internal energy.  Rather it is heat taken in 
by the system from the surroundings, which causes volume increase.  Therefore, we 
replace the internal energy density, u, in equation (28) by heat energy density, q, defined 
by q ≡ Q/V, as this forces expansion from a → b.  Equation (6) tells us that dQ = T dS = 
4p dV.  In addition, because temperature is a constant and p depends only on temperature, 
we can integrate this first law to obtain Q = 4p V.  Thus, our ersatz for equation (28) 
becomes   
 
dt = (BV/Q)1/2 da/a 
  
     = (B/4p)1/2 da/a     (35) 
 
, where p = u/3 = ub/3 = constant.  See equations (34a) and (34b). 
 
We integrate equation (35) between points a and b and obtain the result, 
  
(tb – ta) = (B/4p)1/2 ln(ab/aa) 
 
             = 1/3 (B/4p)1/2 ln(Vb/Va)   (36) 
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Remember that volume V is proportional to a3 where “a” is the cosmic scale parameter.  
Finally, recognizing that A = (Bc/4σ)1/2 and p = u/3, we find for equation (36), 
 
(tb – ta) = 1/3 (3 B/4ub)1/2 ln(Vb/Va) 
 
             = (2 √3)-1 ATb-2 ln(Vb/Va)    
 
                             = (√3)-1 tb ln(Vb/Va)    (37) 
 
In the last line, we have made use of equation (31).  We compare equation (37), which 
holds for an isothermal process, with equation (30), which holds for an adiabatic process.  
Both are clearly very different in predicting how time evolves.  We notice that equation 
(37), in particular, does not involve temperature. 
 
We next estimate the ratio, (Vb/Va).  We divide equation (27b) by (27a) to obtain  
 
(ΔT/T)b / (ΔT/T)a  = ta/ tb    (38) 
 
Remember that Ta = Tb but Va ≠ Vb.  The maximum fluctuation for a given temperature is 
(ΔT/T) ~ 1; this we identify as point a.  Thus, (ΔT/T)a ~ 1.  Inserting this, and our original 
premise, (ΔT/T)b  ~  5 * 10-5, into equation (38) gives 
 
    ta/ tb = 5 * 10
-5      (39) 
 
However, from equation (37), we see  
 
(1 – ta/ tb ) = (√3)-1  ln(Vb/Va)    (40) 
 
Upon substitution of equation (39) in equation (40), we can solve for this ratio of 
volumes, and find 
 
    Vb/ Va = 5.65      (41) 
 
This is a very small increase in volume, but keep in mind that the period is exceedingly 
small.    This increase in volume holds for the voids, which is that portion of the universe, 
which undergoes expansion.  Equation (41) substituted into equation (37) will give us the 
time of inflation. 
 
To find that time period, (tb – ta), we can use equation (37) with equations (33b) and (41) 
substituted; the result is 
 
(tb – ta) = 2.539873 * 10-35   s    (42) 
 
This is slightly less than tb = 2.54 * 10
-35   s, equation (33b).  An alternative is to make 
use of equation (39) with (33b).  This gives ta = 1.27 * 10
-39 s, which, incidentally, is 
significantly larger than the Planck time of 5.39 * 10-44 s.   We can subtract ta from (33b), 
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also giving equation (42).  Either way, this brings us back to our initial starting point, 
point a, where ta = tb - (tb – ta) = 1.27 * 10-39 s.  See relation (33b).  We emphasize that ta 
is the beginning of volume expansion, and not the beginning of cosmological time.  For a 
cycle, there is no beginning or end to time. 
 
Quantum fluctuations in temperature are an integral part of time evolution in the 
isothermal phase, a → b.  If we relied on equation (30), time would stand still in this 
phase, as there is no difference in background temperature.  We made use of equation 
(36) because even though temperature is constant, the change in volume allows for an 
evolution in time.  The underlying reason for this change in volume is entropy increase 
and quantum fluctuations.  Quantum disturbances allow for heat flow from surroundings 
to system causing volume expansion of the latter and producing slightly depressed 
temperatures in the former.  Infinitesimally, from surroundings to system, the first line of 
equation (6) gives the heat being absorbed, where the quantity, dS, represents the change 
in entropy.  The heat flow, with the accompanying increase in entropy, create a one-way 
street for energy flow because once the system utilizes its incoming heat for expanding 
by an amount dV, it can no longer transfer heat back to the surroundings.  The increase in 
entropy defines an arrow of time, which we cannot reverse. 
 
In the analysis above, we assume that the gravitational constant is a true constant of 
nature, i.e., it does not change in value all the way back to point a.  We note that we 
defined our constants, A and B, specifically in terms of G.  Moreover, if one accepts the 
heat engine model, there is no beginning of cosmological time, due to the cyclical nature 
of expansion/contraction, as was already mentioned. 
 
Finally, let us estimate the heat input in the isothermal era. Because pH = ub/3, and 
because of equation (41), equation (24) can be rewritten as  
 
       |QH|  = 4/3 ub (Vb – Vb/5.65)  
 
     = 1.1 Ub      (43) 
 
In this equation, Ub = ub Vb is the internal energy at point b.  We can also claim that  
 
   Ub/Ua = (Vb/Va) = 5.65,   Sb/Sa = (Vb/Va) = 5.65,   Fb/Fa = (Vb/Va) = 5.65         (44a,b,c)  
 
These relations hold because of equations (4) and (5).  Internal energy, entropy, and 
Helmholtz free energy have increased by a factor 5.65 when transitioning from points a 
→ b.  
 
We will now estimate the heat input in the isothermal (inflation) phase.  We know that 
relation (13) can relate the volume at point b to the current volume of the observed 
universe.    Because we are still in the adiabatic phase, 
 
Vb = (T0/Tb)
3 V0 = 7.35 * 10
-82   V0   (45) 
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As always, the subscript “0” stands for the present epoch.  We know that currently, T0 = 
2.725 K, and relation (33a) specifies Tb .  We substitute equations (45) and (34a) into 
relation (43) to obtain 
 
    |QH| = 5.08 * 10
13   V0     (46) 
 
In equation (46) the heat input, QH, is measured in Joules and the volume, V0 , in m
3.   
 
The present size of the observable universe is estimated [25,26] to have a diameter equal to 
8.8* 1026 m.  Using this estimate, we ascertain a present epoch volume of roughly V0 = 
4π/3 R3 = 3.56 * 1080 m3.   This we substitute in both (45) and (46), respectively, and find 
 
Vb = .262 m
3
 ,  |QH| = 1.81 * 10
94 J    (47a,b) 
 
Equation (47a) gives an equivalent aggregate diameter of about .80 m for the voids.  By 
equation (41), Va = .046 m
3 and the matching equivalent, collective diameter is .45 m.  
This volume increase is significantly less than the trillion, trillion-fold expansion, in less 
than a trillionth of a trillionth of a second. 
 
We close this section with one final remark.  If we knew the temperature at point c, we 
could use the results of the previous section to determine uc, pc, Vc, etc. at point c.  
Equation (11), in particular, tells us that 
 
ub Vb
4/3 = uc Vc
4/3     (48) 
 
We have estimates for ub and Vb and if we knew Tc, we could determine uc.  That would 
enable us to find the maximum extent of volume expansion, Vc, by using equation (48).  
The converse also holds true; if we could estimate the volume, Vc, we could determine 
Tc.  Unfortunately, we know neither.  Furthermore, if the universe were open or flat, then 
Vc would have no limit.  Relation (48) would still hold, but then, as Vc 
1/3 = ac approaches 
infinity, the temperature, Tc, would approach zero.  Space would expand forever without 
limit, and the blackbody temperature would tend to zero. 
 
 
 
 
IV. Summary and Conclusion 
 
We modeled the expansion of the universe as a heat engine, where we extract heat from 
one part of the universe, the “surroundings”, and give it up to another part of the 
universe, the “system”.  This heat fuels the initial volume increase of the cosmos, which 
we identify as the inflationary phase.  The universe is thought to follow a Carnot cycle 
where we have isothermal expansion from a → b (inflationary era), adiabatic expansion 
from b → c, isothermal contraction from c → d, and, finally, adiabatic contraction from d 
→ a.  See figure (1).  In a → b, the energy density and pressure stay relatively constant, 
but thermal fluctuations cause heat flow which are utilized by the “system” to increase 
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volume.  Upon volume expansion, the system has no heat energy left over to transfer 
back to the surroundings, and thus a one-way street is established where entropy can only 
increase.  We have a 5.65-fold increase in entropy in transitioning from point “a” to point 
“b” by equation (44b).  Internal energy also increases by a factor of 5.65, as seen by 
equation (44a).  From b → c, further volume expansion is produced, but this time due to a 
different mechanism, a decrease in internal thermal energy.  This adiabatic expansion 
phase is where the universe currently finds itself.  After all the internal energy is used up, 
we postulate a contraction, first isothermally from c → d (deflation phase), and then 
adiabatically from d → a.  From c → d, the universe contracts due to the system giving 
off heat energy, |QC|, to the surroundings.  In addition, from d → a, internal thermal 
energy is increased to effect a final volume contraction closing the cycle.  
 
We have assumed a universe which closes, i.e., a universe with very slight positive 
curvature such that we can allow for a big bounce.  The results of section III, however, 
allow us to relax this requirement.  In the inflationary phase, all results, which we derive, 
will remain valid irrespective of the signature of the curvature of space.  We defined the 
system collectively as those regions of space within the observable universe, which have 
slightly elevated temperature in the WMAP profile.  These are the regions or pockets, 
which will eventually expand, and later evolve into cosmic voids and empty space.  We 
define the surroundings collectively as those regions of space within the observable 
universe, which have slightly lower temperatures in the WMAP profile.  These are the 
patches or pockets, which will not expand.  The build-up of matter will occur within 
those regions, which have slightly depressed temperatures.  These regions will later 
evolve into galaxies, clusters, super-clusters and filament walls.  We assume that the 
magnitude of the temperature fluctuations in WMAP occurs very early in cosmological 
time, within the first second.  What we see in WMAP are the remnants, which froze out 
spatially after photon-matter decoupling, roughly 380,000 years after first formation.  If 
gravity remained constant, the ΔT/T magnitude freeze-out temperature, and freeze-out 
time, will both be specified by equations (33a) and (33b), respectively. 
 
The advantages of this heat engine model are many; within this framework, we can 
 
1) Provide a specific process, i.e., mechanism for what drives volume expansion, and 
contraction, over a complete cycle. 
2) Avoid a singularity in volume, and prevent infinite temperatures, pressures and 
energies from arising at the beginning of expansion.  The universe may have had 
a finite size at the beginning of evolution. 
3) Develop expressions for the total work done, the efficiency, internal energy, 
pressure, and entropy.  See, for example, equations (34a) and (34b).  The energy 
density and pressure stay relatively constant in the inflationary period, from a → 
b.  They will also stay relatively constant in the deflationary phase, from c → d, if 
we believe in a closed, i.e., positively curved universe.  That heat input during the 
inflation phase is estimated to be |QH| = 1.81 * 10
94 Joules. 
4) Estimate the temperature, pressure, volume and time for ΔT/T formation, at point 
b.  See equations (33a), (33b), (34b) and (47a).  Numerically, Tb = 3.02 * 10
27 K, 
pb = 2.10 * 10
94 N/m2, Vb = .262 m
3, and tb = 2.54 * 10
-35 s.  
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5) Estimate the temperature, pressure, volume and time at the start of the inflationary 
period, point a.  See the discussion following equation (34b), and equations (39) 
and (41).  Ta = Tb but Va = Vb /5.65.  Numerically, Ta = 3.02 * 10
27 K, 
pa = 2.10 * 10
94 N/m2, Va = .046 m
3, and ta = 1.27 * 10
-39 s. 
6) Entertain an alternative framework for inflation, one which has a fixed constant 
background temperature, has a clear definition for causality (system expands a-
causally; surroundings do not) and does not require a hypothetical field, the 
inflaton. 
7) Give a cosmic time evolution, which holds for isothermal expansion, and which 
differs markedly from that for adiabatic expansion.  See equations (37) and (40), 
which indicate a different type of time evolution during inflation. 
8) Finally, this model allows for a possible big bounce scenario where the universe 
can reconfigure itself at point a, due to the high temperature cauldron. 
 
If we take our heat engine model seriously, then the positive curvature of space has to be 
established.  At present, we cannot be rule it out.   An estimate for the curvature can help 
us estimate the final volume and temperature.  See equation (48). 
 
We close this summary with an observation.  What could have triggered, i.e., initiated 
cosmic expansion in the first place at point a?  That we do not know.  Perhaps the 
underlying reason has to do with the dimensionality of space itself.  As shown in 
reference [27] , the dimensionality of space, n=3, was in all likelihood, no accident.  It may 
have been decided upon, i.e., determined at a very early cosmological point in time by 
thermodynamics.  Near n=3, the Helmholtz free energy density, f, has an inflection point, 
a maximum when plotted as a function of spatial dimension, n.  This is the first of all the 
important thermodynamic variables (entropy density s, internal energy density u, pressure 
p, etc.) to reach a maximum value, and that maximum was reached right around n=3 with 
a temperature of approximately T* ≈ .93 * TPLANCK = 1.32 * 1032 K.  Our estimate for Ta 
is Ta = Tb = 3.02 * 10
27 K, equation (33a).  These temperatures are not far off.  While we 
may not know what happened between T* ≈ 1.32 * 1032 K, and Ta = Tb = 3.02 * 1027 K, 
we do know that space could only expand three dimensionally, once 3 dimensions was 
decided upon by nature.  It should be obvious, therefore, that T* ≥ Ta = Tb, which it is. 
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